Summary. A technique is described for the accurate radioimmunoassay of insulin 1 in serum and urine. This method was applied to study of renal clearance and excretion of endogenous and exogenous insulin in untreated juvenile diabetics and healthy young adults. There was good agreement between our results for normal adults and previously reported values. In six non-obese juvenile diabetics, urinary insulin clearance values, both basal (fasting) and following glucose loading (entire range 0.03 ml/min to 1.23 ml/min) were similar to those obtained for the adults (entire range 0.17 ml/min to 2.35 ml/min). The basal urinary excretion in these diabetics was generally of the same order of magnitude as that in the normals. The clearance of exogenous insulin, administered for the first time, was also of the same order as that for endogenous insulin. Markedly elevated urinary clearance and excretion of insulin during fasting and non-fasting states was demonstrated in four non-obese juvenile diabetics with no clinical evidence of abnormal proteinuria, though they demonstrated slight to mild clinical dehydration and acidosis compared with the other diabetics studied. Clearance and excretion of exogenous insulin was similarly elevated. This finding could reflect renal tubular dysfunction in these diabetics, and this dysfunction could relate to even the mild degree of dehydration and acidosis found in this study. Endogenous and exogenous insulin clearance in an obese diabetic child was similar to that for the control group.
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Key words: Glucose tolerance, insulin excretion, juvenile diabetes, proximal tubule, radioimmunoassay, urinary insulin clearance. 1 Citations of insulin refer to insulin-like imrnunoreactivity Although the urinary excretion and clearance of insulin have been studied in normal [1] [2] [3] [4] [5] [6] and disease states [1, 2, 7, 7A, 8, 9] , there are relatively few reports documenting these parameters in children [5, 10, 11] , and only fragmentary reports have appeared concerning the renal handling of insulin in children with juvenile onset diabetes [2, 4, 9, 10] . We have therefore investigated, as well as practicably possible, the urinary excretion and clearance of endogenous and exogenous insulin in recently diagnosed untreated juvenile diabetics in an attempt to throw some light on the kidney handling of insulin in this type of diabetic.
Material and Methods

Radioimmunoassay
To facilitate renal clearance studies a radioimmunoassay for insulin in ruine and serum was adapted from the coated charcoal method of Herbert et aL [12] as described essentially by Albano et aL [12a] for use on both serum and urine. Albumin was used as the coating agent. Initial studies showed low recovery of insulin added to urine. This low recovery was found to be a function of non-specific adsorption of insulin to container walls, which could be overcome by addition of albumin to the urine, and precautionary measures taken to overcome adsorption to and coprecipitation with urinary sediments. The details of the assay and the collection of samples are described in a appendix.
Clearance Studies
The relationship between serum insulin and urinary insulin was studied by determining insulin clearance during fasting and following glucose loading, as a means of affording both basal and elevated circulating insulin levels. Subjects a. Diabetics. Eleven children with recently diagnosed juvenile onset diabetes mellitus of different severity, but not in need of immediate therapy, were studied upon admission to hospital. Most were admitted with histories of polyuria, polydipsia and recent weight loss and all had elevated blood glucose levels and impaired glucose tolerance. There was no evidence of abnormal proteinuria in any, and urinalyses, apart from glucose and ketones, were normal. 4 children had mild clinical dehydration, and mild depression of blood pH. Clinical details are given i n Table 1 . A twelfth diabetic was extremely obese and, as her diabetes was subsequently controlled by diet and sulphonylureas, she has been considered separately.
Oral glucose tolerance tests (GTT) were performed on six diabetics, with urine and blood sampling as described in the appendix. In addition, timed urine samples of varying duration, both fasting and postprandial (nonfasting) were obtained from those other diabetics on whom GTT was not performed. Where possible, fasting and nonfasfing blood samples were also drawn at periods during these collections to allow of mean clearance determinations. For ethical reasons, sampling was necessarily opportinistic, and creatinine clearance rather than a more precise clearance technique was used.
Urine and blood samples were also collected for a number of diabetics following administration of insulin (see appendix).
b. Normals. As it was difficult to obtain a representative group of normal children as control subjects, a group of healthy young adults was used to afford at least some criterion of comparison. This group consisted of five males and three females between the ages of 18 and 31 years (mean 20 year) with no evidence of endocrine disorders or familial history of diabetes. All underwent glucose tolerance testing and, in addition, five underwent subsequent insulin tolerance testing (ITT).
We were able, however, to obtain for our study three completely normal children of ages 6, 9, and 12 years on whom GTT were performed.
Comparison of results for these children and adults (discussed below) indicated a similarity of renal handling of insulin between the age groups and afforded some justification in using the combined normal group as controls for the diabetics.
Results
Clearances were calculated usint approximated mean serum levels derived for each collection period. Where random diabetic urines were collected, clearances were calculated using mean serum levels derived from samples drawn during the collection. Because of sampling inconsistencies and rapidly changing serum insulin levels, the mean clearance over the entire GTT period (excluding fasting) for each subject is presented together with the fasting data. As GFR varies with body size [15] , insulin excretion has also been expressed relative to creatinine excretion. This has the added advantage in that it allows for inaccuracies in urine collections as well as correcting for differences in body weight. Although a correction for body weight between diabetics and normal adults can be made, there is no such correction factor for age and therefore no strict correlation between the two groups can be made. However, Najjar and Stephan [5] have found no significant difference between urinary insulin excretion in children and adults, and from our limited data it would appear that the renal handling of insulin in normal children is similar to that for adults.
Creatinine clearances for healthy young adults and children (Tables 2 and 3 ) corresponded with reported values [16] and most values for diabetics (Tables 4 and 5) , when corrected to a standard body surface area of 2 1.73m, fell within the normal range. In all diabetics studied the actual excretion of creatinine, expressed as mg/kg/h (not shown), was within the range of that documented for healthy children [17] , and where an apparently low clearance was found this related to an elevated serum creatinine [Doolan et al., 16] . In the two obvious examples of apparent low clearance of creatinine, the insulin/creatinine indices must be interpreted with caution, though not affecting the absolute insulin excretion rates. Creatinine clearance did not relate to any of the clinical parameters shown in Table 1 , though this does not exclude a technical artefact of serum creatinine determination in some diabetics.
Urinary Insulin Clearance in Healthy Young Adults
Data for urinary clearance and excretion of endogenous insulin in normal adults, both basal and following glucose loading, are given in Table 2 , The overall mean value for serum insulin increased during GTT (shown on table). An expected and corresponding increase in urinary insulin output was observed also. Insulin clearance remained relatively constant throughout. This constancy of clearance over a range of plasma insulin levels has previously been reported [2, 3, 6, 8] and the range of endogenous insulin clearance observed in this study (0.17-2.35 ml/min) is consistent with that of Chamberlain and Stimmler [1] .
Relating insulin clearance to creatinine clearance does not appreciably alter values or interpretation of results. The basal and mean post-glucose urinary insulin clearance and excretion values for the three normal children are within the adult range.
Urinary clearance of exogenous insulin in normals (Table 3) remained relatively constant over the ITT period. There was no significant difference (P > 0.05) between the exogenous and endogenous insulin clearances, though the former tended to be lower. The lesser clearance values may be associated with serum insulin levels which were generally persistently higher. It has been previously noted that at peak serum insulin levels, insulin clearance is at or approaching its lowest value [1, 2] .
Urinary Clearance and Excretion of Insulin in Juvenile Diabetics
For one diabetic (K. B.) no endogenous insulin could be detected in either urine or serum. The remaining nonobese juvenile diabetics were classified into two groups on the basis of results obtained (Table 4) . Statistical analyses within and between groups was not attempted as there was insufficient data in the subgroups for analysis.
Group A consisted of those diabetics whose clearance of insulin over fasting, non-fasting and GTT periods was within our normal range. Basal serum insulin levels in four subjects were low, about 5 ~tU/ml, and did not increase in response to glucose loading. However, in two of the Group A diabetics B.C. and N.R. (Table 4) , serum insulin appeared somewhat elevated in comparison. It is interesting to note that B.C. had been obese two years previously and N. R. was still obese despite recent weight loss. In two cases (N. R. & G.W.) urinary insulin excretion increased after glucose loading.
Relative to body weight and GFR, diabetics in this group showed a level of excretion similar to adults. The mean fasting output (115 ~tU/h + 89) for five Group A diabetics was less than corresponding values published by Najjar and Stephan [5] for seven normal children 1 to 5 years old (149 ~tU/h + 62.45) and twenty normal children 6 to 15 years old (172 ~tU/h _+ 57.62). The mean basal output for three normal children in our study was 193 ~tU/h +_ 87.
Group B consisted of four juvenile diabetics in whom excessively high urinary clearance and excretion of insulin was observed in basal and stimulated states (Table 4) . Each parameter describing the insulin excretion index was markedly increased above the corresponding parameter for both the adults and Group A diabetics. However, serum insulin levels wet low (range 1-5 ~tU/ml) in all cases.
In one diabetic, K. M., insulin clearance exceeded creatinine clearance, but this was probably a function of depressed creatinine clearance as discussed earlier.
For an obese diabetic, W.K. (Table 4) , fasting serum insulin was above normal. There was no increase in either serum insulin or urine insulin in response to glucose loading. Urinary insulin clearance A true correlation between clearance and excretion of endogenous and exogenous insulin in diabetics was not possible as there was insufficient data. In all cases, an expected increase in serum insulin following insulin administration was accompanied by a corresponding increase in urinary insulin (Table 5 ). Of the three Group A diabetics studied, two (K. J. and C. S.) demonstrated insulin clearances comparable with those for their own insulin, while for a third (K. B.), in whom endogenous insulin clearance could not be determined as serum levels were below the detection limit, subsequent exogenous insulin clearance (0.35 ml/min) was of the same order as the other two.
The three Group B diabetics tested showed increased exogenous insulin clearance and output comparable to their endogenous clearance and outputs.
In the obese diabetic, exogenous insulin clearance was similar to endogenous insulin clearance.
All four Group B diabetics showed signs of slight or mild clinical dehydration, and biochemically measured acidosis, compared with Group A or C who showed no signs of clinical dehydration or acidosis, or, where measured, biochemical acidosis. Creatinine clearance did not relate to these differences in clinical status, nor did urinary protein, or ketone concentrations, or the serum/urine glucose ratio.
Discussion
Most of the previous studies of the renal handling of insulin in man conclude that insulin is filtered freely at the glomerulus and then largely reabsorbed or destroyed in the proximal tubule [1, 7, 8] . Insulin clearance alters little over a wide range of plasma insulin values [1, 3, 6] , indicating that the proximal tubules have a high reabsorptive or destructive capacity. Our data for normal adults and children are consistent with these observations [1, 3, 5, 6] .
Of the 11 non-obese juvenile diabetics studied, 4 demonstrated notably elevated urinary insulin clearance and excretion in basal and non-fasting states. The basal urinary insulin excretion rate alone was well in excess of both fasting and non-fasting values reported for healthy children [5, 10] and our own limited data on normal children. This apparent hyperinsulinuria was not due to elevated serum endogenous insulin levels. However, the high clearance values were not determined by the latter, as low serum insulin was also a feature of the Group A diabetics in whom 'normal' clearance was observed. McArthur and Stimmler [10] have shown that in siblings of childhood onset diabetics, urinary insulin excretion is distributed into two groups; those with normal, and those with 'elevated' urinary insulin levels. However, the latter authors did not measure plasma insulin levels. In addition, Najjar and Stephan [5] have reported high values of urinary IRI 2 in four children each with one diabetic parent, but these subjects demonstrated elevated plasma IRI in response to oral glucose load.
Since high clearances and excretion were also noted for exogenous insulin in Group B, the abnormalities would appear to be a function of altered renal handling in these diabetics.
It has been suggested that hyperinsulinuria and subsequent excessive clearance of insulin in the face of hypoinsulinaemia is indicative of impaired function of the proximal renal tubule [1, 2, 7@ Elevated urinary insulin levels have been found in patients with known renal tubular disorders [1, 2, 7a] . However, in the absence of clinically diagnosable renal abnormalities in the majority of the diabetics studied, it is interesting to speculate whether, in fact, high urinary insulin is a result of selective or impaired tubular reabsorption; or enhanced glomerular permeability. The latter is unlikely as normal values for urinary insulin clearance and excretion have been observed in patients with severe glomerular lesions and massive proteinuria, such as the nephrotic syndrome [1, 8] .
The presence of abnormal insulin excretion and clearance did appear to be related to a mild degree of clinical dehydration and acidosis but not to ketonuria or glycosuria at the time of admission to hospital, but the duration of the abnormality before the onset of overt diabetes is not known. Studies after the initiation of insulin therapy are confused by uncertainty of the form and origin of circulating I.R.I. At 1 year of follow up, the insulin requirement/Kg body weight in Groups A and B was very similar. This implies that the insulinuria is not of sufficient magnitude or duration to alter insulin requirements at this interval and, indeed, the maximum urinary loss demonstrated (55.5 milliunits/hr), even if sustained throughout 24 hours, would be only a small portion of the daily insulin requirement. The relation ship, if any, of excess loss of insulin (or other low molecular weight substances) in the urine to the presence or development of early chronic renal changes awaits further study. medium except those containing test sera. IFP was prepared according to the method of Herbert et al. [12] and stored in aliquots at -20~ Charcoal Suspension. Just prior to separation of 'free' from antibody bound hormone, a 3.5% w.v. solution of activated charcoal (series 33 032 obtained from BDH Chemicals Ltd) in albumin phosphate buffer was prepared. Suspension of the charcoal powder was achieved by magnetic stirring for a minimum of 30 min.
Determination of Insulin
Insulin determinations were carried out in duplicate. Total assay volume was 1 ml. To assay tubes containing albumin phosphate buffer was added 0.1 ml IFP, 0.1 ml human insulin standard (concentration range 0-100 ~tU/ml) or test sample, and 0.1 ml antiinsulin serum, Batch K 3481 diluted 1:37 500. (In the case of test sera, IFP was omitted.) The contents of the tubes were mixed (using a Vortex mixer) between additions and a pre-incubation time of 20-30 minutes allowed for insulin-antibody contact before addition of 125I-insulin diluted to a concentration of 0.5 ng/ml. After a final mixing, the tubes were incubated for 16 hours overnight at 4~ Separation of the antibody bound and 'free' 125I-insulin was achieved by addition of 0.5 ml coated charcoal suspension to each tube, mixing, and centrifugation for 20 minutes at 1600 X g (4 ~ C). The supernates were removed by vacuum suction and the radioactivity remaining in the charcoal button was counted in a Selektronic solid crystal welltype gamma radiation counter. Test control tubes containing every reagent except anti-insulin serum and standard were included in each assay and the test results calculated as a percentage of these. A dose response curve was constructed by plotting the concentration of insulin standard added against percentage 'free' (non-antibody bound) 12sI-insulin. The sensitivity of the assay over the 0-10 ~tU/ml range of insulin concentration was optimised by using different dilution and incubation conditions: anti-insulin serum (Batch K 1769) at a dilution of 1 : 60 000; 12sI-insulin at a concentration of 0.25 ng/ml and incubation for 3 days at 4 ~ C. Very good agreement (coefficient of variation 2%) was obtained between the two assay systems over their coincident sensitive ranges. The lower limit of accurate measurement for test samples was 1.0 gU/ml of incubation mixture and the coefficient of variation for measurements over the range 1-80 gU/ml was between 0.2 and 2%. Between assay replication was assessed as _+ 7%.
Glucose Tolerance Tests
Subjects were fasted overnight for a minimum of 8 hours and standard 2 hr GTT performed. Timed fasting urine samples and fasting blood were taken prior to oral glucose administration (50 g for adults and a dose dependent on body weight [14] for children). Thereafter urine samples were taken at 30,60 and 120 rain with blood sampling midway through each collection period. The importance of complete bladder emptying was stressed when appropriate.
Several diabetics were given 500ml of water an hour prior to the GTT to increase urine flow. Modifications of sampling times were sometimes necessary in very young patients.
Insulin Tolerance Tests
These were performed in normals after an overnight fast. Fasting blood and urine samples were taken, followed by subcutaneous administration of 5 Units of soluble insulin. Further timed blood and urine samples were taken, as for GTT, over a period of four hours. For diabetics, the same format was followed except that a variable dose of soluble insulin was given for initial stabilisation. In those cases when glucose tolerance testing was performed, it was necessary to administer insulin on the same day following assumed return to basal physiological conditions. In most cases sampling was again opportunistic.
Blood was drawn by venepuncture. Aliquots of serum and urine were analysed for creatinine and insulin. Creatinine was measured by automatic colorimetry (Technicon Autoanalyser).
Collection, Treatment and Assay of Urine
Urines were collected into polythene containers and stored at 4~ until centrifugation (1670 • g, 10 min 4~ prior to assay on the same day. Where storage was necessitated, BSA (1% w.v.) was added to the fresh specimen following centrifugation and the sample stored frozen at -20~ On thawing, any urinary sediment formed was resuspended and volumes assayed as in standard procedure for test samples. This procedure gave full rocovery of insulin.
To allow of effective dilution and concentration of urine, sample volumes between 0.01 ml and 0.3 ml were added at the expense of the dilution medium. Over this range the effect of salt concentration and pH were shown not to interfere with the assay.
Urinary Protein
Urinary protein was carried out by an automated turbidometric technique employing sulphosalicylic acid. The method has a detection limit of 10 mg/100 ml coefficient of variance of 3% over the range 50-750 mg/100 ml.
